Abstract. Conventional approaches to optical small animal molecular imaging suffer from poor resolution, limited sensitivity, and unreliable quantitation, often reducing their utility in practice. We previously demonstrated that the in vivo dynamics of an injected contrast agent could be exploited to provide high-contrast anatomical registration, owing to the temporal differences in each organ's response to the circulating fluorophore. This study extends this approach to explore whether dynamic contrast-enhanced optical imaging (DyCE) can allow noninvasive, in vivo assessment of organ function by quantifying the differing cellular uptake or wash-out dynamics of an agent in healthy and damaged organs. Specifically, we used DyCE to visualize and measure the organ-specific uptake dynamics of indocyanine green before and after induction of transient liver damage. DyCE imaging was performed longitudinally over nine days, and blood samples collected at each imaging session were analyzed for alanine aminotransferase (ALT), a liver enzyme assessed clinically as a measure of liver damage. We show that changes in DyCE-derived dynamics of liver and kidney dye uptake caused by liver damage correlate linearly with ALT concentrations, with an r 2 value of 0.91. Our results demonstrate that DyCE can provide quantitative, in vivo, longitudinal measures of organ function with inexpensive and simple data acquisition.
Small animal molecular imaging has provided significant advances for in vivo research. [1] [2] [3] [4] Optical methods for imaging small animals have the benefit of being inexpensive and simple to use compared to other modalities. However, light scattering and attenuation in vivo can make longitudinal extraction of quantitative information from optical images highly challenging. The goal of this work is to investigate metrics that can be obtained from in vivo small animal optical imaging data that can provide robust and valuable measures for disease research and the development of therapeutics.
A wide range of optical contrast agents have been developed in recent years, with a major focus on molecular specificity to enable labeling of particular cell types or disease processes. [5] [6] [7] [8] However, in addition to static imaging of such targeted optical contrast agents, we note that the in vivo dynamics of contrast agents can reflect more than just tissue perfusion status. The dynamics of contrast agents that interact with tissues on a cellular level can provide information about cellular binding or clearance kinetics, yielding imaging contrast that is highly sensitive to cellular function. Exploiting dynamics can also overcome some of the constraints of longitudinally varying attenuation and scattering that typically degrade the utility of static optical intensity measurements alone. We therefore hypothesized that capturing the organ-specific dynamics of a dye that interacts directly with the cells of a specific organ would allow quantitative assessment of that organ's function, and that this approach could be implemented for longitudinal assessment of small animals for disease and pharmacological research. In this paper, we demonstrate that so-called dynamic contrast-enhanced small animal optical imaging (DyCE) can be used to longitudinally and noninvasively assess liver function in mice with induced, transient liver damage.
The liver is a particularly important organ since it performs a vast array of functions and serves as the primary site of drug metabolism in the body. As a result, many drugs may adversely affect liver function, and drug-induced hepatotoxicity is the primary cause of acute liver failure in the United States, often resulting in liver transplantation or death. 9, 10 Hepatotoxicity is also the leading cause for FDA-approved drugs to be withdrawn from market. Improved techniques for assessing hepatotoxicity during preclinical studies are needed. Liver function is most commonly assessed using biochemical tests, which identify particular proteins released into the blood stream by damaged hepatocytes. 11 However, such tests require repeated blood draws, which can be problematic in mice.
11 Such measurements also only provide a systemic indication of impaired liver function, and cannot localize liver damage to specific locations within the liver. The alternative is to sacrifice animals for histological examination of the liver; however, this approach increases study time, costs, and animal numbers, while not allowing for repeat assessment of the same animal. Improved, longitudinal assessment of hepatic function in small animals could allow earlier determination of the effects of agents and therapies on hepatic function.
DyCE following intravenous injection of indocyanine green (ICG) was previously shown to be able to generate noninvasive anatomical maps in mice by taking advantage of the dye's characteristic uptake and washout rates in different organs. 12 Here, we exploit the fact that ICG binds to albumin and is actively cleared by the liver in a manner that reflects physiologically important liver function. In fact, assessment of the liver uptake rate of ICG is clinically approved for assessment of liver function. [13] [14] [15] In humans, repeated peripheral blood draws are made to evaluate the amount of residual ICG that the liver has yet to remove from the blood stream. 16 In rabbits, studies of the hepatic dynamics of ICG have been performed by placing a fiber-optic probe directly onto the exposed liver. 17 We therefore hypothesized that DyCE-based imaging of ICG dynamics in healthy and abnormal livers of mice could allow noninvasive, longitudinal quantification of liver function.
In this study, we utilized DyCE to perform high-speed imaging of ICG dynamics in multiple organs simultaneously over nine days before and after induction of transient liver damage using intraperitoneal (IP) injection of carbon tetrachloride (CCl 4 ), a well-established hepatotoxin. We demonstrate that DyCE can indeed be used to extract quantitative measures of organ function in vivo.
Materials and Methods

DyCE Imaging and Measurement Protocols
A schematic of our DyCE imaging system is shown in Fig. 1 . This simple set-up includes two 785-nm, 100 mW laser diodes (Thorlabs L785P100 with LDC205C controllers) positioned on either side of the mouse for illumination, two front-surface gold mirrors positioned at 45 deg to capture orthogonal views of the mouse, a 850∕40 nm emission filter to block excitation light (Thorlabs FB850-40), and a Dalsa 1M60 camera controlled with custom software. 18 Images were acquired at 10 Hz with 2 × 2 binning (512 × 512 pixels) and a 90 ms integration time.
To acquire DyCE data, mice were first anesthetized using isoflurane (2.5% to 3% in a 1∶3 oxygen:air mix). Once stable and positioned in the prone position on a homeothermic heating pad on the DyCE imaging platform, a latex glove filled with warm water was placed onto the tail for 1 to 2 min to dilate the tail veins. Image acquisition was then started, and a bolus injection of approximately 0.06 ml of 260 μM ICG (Sigma-Aldrich Fluka Analytical Cardiogreen 21980) was injected smoothly into the tail vein within 1 to 2 s. DyCE images were then acquired in sets of 180 s for up to 14 min. For longitudinal measurements, a batch of 260 μM ICG was prepared before the first imaging session and used for each subsequent imaging session. Between imaging sessions the ICG was stored 4°C.
To induce liver damage, mice received a single IP injection of 0.5 μl∕g body weight of carbon tetrachloride (CCl 4 ) (as 0.05 ml in corn oil). CCl 4 is an organic solvent, historically employed as a dry-cleaning agent until its use was discontinued due to its significant hepatotoxic effects. Liver damage in mice is rapidly induced via IP injection of CCl 4 . A single exposure causes a disruption of hepatocellular function within 12 to 24 h, with recovery in 48 to 72 h. Prolonged treatment with CCl 4 or chronic exposure can lead to liver fibrosis and eventually cirrhosis. 19, 20 Seven SKH1 male nude mice (24 AE 3 g) were used in two cohorts. The first cohort (3 mice) was used to determine the repeatability of DyCE measurements and to observe the acute effects of CCl 4 within the first 28 h after injection. The second cohort (4 mice) was used to study the evolution of DyCE measurements during nine days following injection of CCl 4 . In every imaging session in the second cohort, 40 to 60 μL of blood was collected from the tail veins following data acquisition and processed immediately to extract plasma by centrifugation. Plasma was stored at −80°C until all samples were collected, and was then analyzed for ALT using the Genzyme Diagnostics ALT Aminotransferase-SL Assay. All procedures were reviewed and approved by the Columbia University IACUC.
Data Preprocessing
The first step in processing the acquired images was to remove the impact of breathing motions. Breathing causes the internal organs to shift, meaning that time courses extracted from specific pixels can show artifactual intensity changes. Since mice anesthetized under isoflurane take fairly infrequent and sharp out-in breaths, we have found that simply identifying and removing frames during which the mouse takes a breath and interpolating the time-course of each pixel to fill the missing frames is simple and effective. 21 There are a number of ways to analyze DyCE data sets. Our previous work used nonnegative least-squares fitting, or principal component analysis (PCA) to generate anatomical maps. 12 Here, we generate simple anatomical maps by merging specific image frames from the dynamic data set corresponding to 2.4, 5.2, and 35 s following dye injection. In well-controlled experiments in healthy animals, we have found that these frames correspond to the times when the dye is primarily in the lungs, kidney and brain, and liver respectively. These frames, when color-coded green, blue, and red and then merged to form an RGB image, yield anatomical maps as shown in Figs. 2(a) and 3(a). Additional organs can be distinguished from areas where these three colors overlap. While these maps could be more detailed, this simple and objective analysis allows reliable selection of regions for extraction of the dye's biodistribution dynamics in the liver and kidney, as well as the brain, lungs, spleen, spine, small intestine and skin.
3 Results
Repeatability in Healthy Mice
In the first cohort, three healthy 6-week old mice each received a 0.06 ml bolus of 260 μM ICG via tail vein injection and were imaged using DyCE. Figure 2 (a) shows the manually selected regions of interest (ROIs) for 8 major organs of each mouse on a pseudocolored anatomical map generated as described above. Figure 2 (b) shows the time courses from these regions prior to CCl 4 injection for the three mice. The mean average of these traces, and their standard errors (right) demonstrate the robust repeatability of these measurements across mice. As expected from vascular anatomy, ICG is first apparent in the lungs, followed by the brain and kidneys. The early peak seen in all time-courses corresponds to the first pass of the bolus through the vasculature, and is sharper if the complete bolus was injected in a shorter time. The liver time-course follows a very different shape to the other organs, demonstrating that uptake of ICG by hepatocytes begins rapidly and dominates the liver's signal. Since ICG is exclusively eliminated from the body via the liver, as the ICG is sequestered by hepatocytes, the liver signal builds, while the signal decreases across all the other organs. After 24 h, we noted that no ICG was detectable in the mouse, and that measurements could be repeated. Two of the mice from this cohort subsequently received an IP injection of CCl 4 . Figure 2(c) shows the changes that occurred 28 h after CCl 4 injection compared to the control. The damaged livers show a slower rate of signal increase compared to the healthy livers. There is also a change in the dynamics of the ICG signal in the kidneys of the mice that received CCl 4 , with the signal continuing to increase at later times rather than quickly reaching a plateau or decreasing. These traces demonstrate that ICG dynamics in organs other than the liver and kidneys are largely unaffected by CCl 4 injection.
DyCE During Liver Recovery
The second cohort of mice consisted of four 6-week old mice (24 AE 3 g) that were used to quantify the recovery of the liver after CCl 4 damage. The mice were all imaged initially using DyCE, and then three received IP injections of CCl 4 . All four mice were subsequently imaged at 54, 120, and 217 h after CCl 4 injection. Image acquisition was extended to 10 to 14 min after bolus injection of ICG to capture measures of both liver uptake and clearance. Blood samples were obtained from the tail vein for ALT analysis after each imaging session. The changes in organ-specific time courses extracted from the second cohort after CCl 4 injection were similar to the changes seen in the first cohort; ICG uptake in the liver was slower in the mice injected with CCl 4 while the maximum signal seen in the kidneys was higher compared to other organs. Figure 3 (a) shows frames at t ¼ 180 s extracted from supplemental movie (Video 1), which shows the (breathing-corrected) dynamics of ICG in the same mouse before, and 54 h after CCl 4 injection. At t ¼ 180 s, the difference in the relative signal from ICG in the liver and kidneys before and after CCl 4 injection is clear. As the mice recovered over the following days, the dynamics in the liver and kidneys became more similar to the control.
To obtain a quantitative measure of these trends, we analyzed acquired data by averaging signal over an ROI that covered most of the signal area of the organ in question. This ROI was defined by performing a nonnegative least-squares fit to basis time courses from each organ [as shown in Fig. 2(b) ], which yields maps delineating each organ based on the similarity of each pixel's time course. The maps generated for the kidneys and liver were then thresholded to generate an ROI from which to extract an averaged temporal signature for each of these organs. Figure 3 (b) shows representative extended time courses for the liver and kidneys before and after CCl 4 . The results from our first cohort indicated that CCl 4 led to a reduction in ICG uptake in the liver, and a persistence of ICG in the kidneys. We found that the ratio of liver signal to kidney signal yielded a robust representation of this relationship, as shown in Fig. 3(c) . The slope of this ratio varied substantially after CCl 4 injection and recovery. We quantified the reciprocal of this slope as our 'Dynamic coefficient' (Dc) where: Figure 4 (a) plots Dc as a function of hours post-CCl 4 administration, and shows remarkable agreement with the ALT assay results shown in Fig. 4(b) . Mouse 7 demonstrated the most pronounced increase in Dc and also had the highest ALT level at 54 h. Mouse 4 had the lowest apparent response in both measures. A linear regression on ALT measurements versus Dc from the control mouse can be seen in Fig. 4 (c) and yields an r 2 value of 0.91.
Discussion
DyCE has been demonstrated previously to be effective for anatomical co-registration, 12, 22 and more recently for differentiating tumor cells from normal tissue, 23 monitoring antiangiogenic tumor treatments, 24 and evaluating the biodistribution of novel contrast agents. 22 We have now shown that DyCE also has the potential to provide high-throughput, inexpensive, noninvasive and longitudinal assessment of liver function in small animals as an alternative to animal necropsy and histology. Our results further suggest that DyCE might be able to evaluate function in a range of different organs through the design of contrast agents that functionally interact with specific cell types.
There are many other ways in which temporal measurements can be extracted from DyCE data to provide measures of organ function. Several previous studies using ICG, methylene blue and conjugated photosensitizers have applied pharmacokinetic analysis to optical data to resolve differences in tumor extravasation and uptake dynamics, and to distinguish tumor from normal tissue. 25, 26 In our case, Dc was selected as a simple metric that quantifies the way in which ICG is removed from the blood stream by the liver and transiently binds to the kidney, features noted to change with liver damage in the data from the first cohort of mice. The fact that Dc is sensitive to both the liver and kidney responses can be seen as an advantage, in that it exploits the interrelation between these organs, providing a more robust self-normalizing measure that is independent of overall dye concentration. However, it is also true that other types of liver damage could affect the kidney signal differently and therefore might need a different calibration with respect to ALT. Similarly, methods for quantifying the function of other organs would need to be individually investigated and calibrated.
We note also that DyCE techniques need not be limited to intravenous bolus injection of a contrast agent, which can be challenging. DyCE could also be achieved following IP injection, or even oral or inhaled administration of contrast. Contrast dynamics could also be induced via administration of an activating agent (as in the case of bioluminescence imaging), or via a modulation such as a systemic temperature, blood pressure, or blood-oxygen level change.
The DyCE results presented here also provide insights for clinical dynamic imaging of organ function. Dynamic contrast magnetic resonance imaging (DCE-MRI) and perfusion x-ray computed tomography (perfusion-CT) are both used clinically. However, previous perfusion CT studies using the iodine-based intravascular contrast agent, Iohexol, found no correlation between hepatic blood flow parameters and ALT levels in tumor patients undergoing chemotherapy. 27 We believe that the difference in our results is that our measurements of ICG dynamics directly probed the ability of hepatocytes to take up and process ICG, rather than simply quantifying the level of blood flow in the liver (although we note that perfusion measures can also be obtained from the earliest phase of DyCE measurements where the injected dye is initially within the blood stream). The FDA-approved gadolinium-based MRI contrast agent, Eovist™, is excreted half renally and half hepatically in a similar way to ICG. 28, 29 The hepatocyte-specific nature of Eovist has been shown to allow for staging of liver fibrosis, 30 increased accuracy of determination of central bile duct stenosis in combination with T2-weighted MRI, 31 and for distinguishing tumor types. 32 Our results suggest that Eovist could be valuable for spatially mapping liver function if data is analyzed in a manner similar to that presented here. In particular, we note that neither DCE-MRI nor perfusion-CT is typically implemented in such a way as to allow comparison of the dynamics of a contrast agent in a combination of organs, such as the liver and kidney together; an approach that could potentially yield new diagnostic information. A range of other 'targeted' contrast agents are under development for both MRI and ultrasound imaging. [33] [34] [35] While there are numerous studies that have used DCE-MRI to obtain tumor information based on vascular differences, 36, 37 our results suggest that targeted contrast agents that interact directly with tissues could yield significant functional information if combined with dynamic contrast approaches.
In summary, we have demonstrated that DyCE can be used to longitudinally evaluate organ function in small animals, both by enabling extraction of dynamics from specific organs via anatomical registration, and by exploiting the cell-specific uptake dynamics of optical contrast agents such as ICG. The highspeed and wide-field imaging capabilities of DyCE, combined with its low cost and simplicity make it a valuable tool for small animal research. DyCE in small animals may also serve as a testbed for the development of clinical dynamic contrast agents and analysis strategies for capturing quantitative and functional measures related to disease progression and treatment response.
